Abstract: The interpretation of the Bordoni relaxation and of related relaxation phenomena in terms of the thermally activated, stress-assisted formation of kink pairs on dislocation lines is well established on assuming that the migration of kinks along dislocation lines is described by a high kink mobility pk. This assumption, however, is not valid if the activation enthalpy for kink migration, H,, is comparable with or even larger than the formation enthalpy of kink pairs or if even when small compared with the formation energy of kinks, H , is larger than the lowest thermal energies accessible in internal friction experiments. In those cases not only migration but also annihilation and trapping of thermal kink pairs may produce internal friction peaks.
INTRODUCTION
Since the first internal friction data measured in faced-centered-cubic (fcc) metals at low temperatures by Bordoni [1, 2] as well as the relaxation peaks observed by Niblett and Wilks [3, 4] , quite a profused work has been developed in order to explain this mechanical behaviour through the movement of dislocations as detailed in [5] . Not only damping peaks in fcc metals but also the a and 7 peaks in body-centered-cubic (bcc) metals -sometimes called refractory metals-have been explained by the kink pair formation (KPF) and geometrical kink migration (GKM) along screw and nonscrew dislocations [6] . Detailed theories [7- 91 describe the relaxation of a dislocation with thermal and geometrical kinks by a set of relaxation times, assuming that the migration of kinks along the dislocation lines take place on a time scale that is either negligibly short or adequately described by a kink mobility pk. Because of the high kink mobility they do not take into account how trapping of thermal kink pairs at the pinning points of the dislocation and annihilation of kinks of opposite signs affect the relaxation process.
In Section 2 kink pair formation and trapping and annihilation of thermal kinks with low mobility will be considered to determine the transient evolution of a dislocation segment while the relaxation parameters for the stationary state will be summarized in Section 3. Selected examples of IF measurements in materials with low kink mobility will be discussed in the last section.
KINETICS O F THE KINK PAIR EVOLUTION
It is considered a dislocation segment which extremes are at two pinning points separated by a distance L in the same Peierls valley, that is to say, there are no geometrical kinks.
Since the dislocation is part of a dislocation network, its long-range interactions produce an internal stress ai [lo] in such a way that if at the time t = 0 a constant resolved shear stress c is applied, the total stress results at = a; + a .
The temporal evolution of the probability of having r kink pairs is described on taking into account on one side the kink pair formation rate per unit length [ll] where Dk = ~, e -~~/~~ is the diffusion coefficient, T the absolute temperature, k Boltzmann constant, wk the width of a single kink, Hk the activation enthalpy for the formation of a single kink, a the distance between Peierls valleys and b Burgers vector, On the other hand also the annihilation and trapping rates to reduce the number of kinks pairs from r to r -1,
are considered. L* denotes the effective length L* = (2kT)/(aab) sinh [(aabL)/(2kT)] which can be understood as the lengthening of the dislocation segment when bowed out by the applied stress o. Then, the temporal evolution of the probability of having r kink pairs, p,, can be described by the following system of difference-differentia1 equations where indicates the partial derivative with respect to f = t f 3, with f = ~D~/ L *~ and i? = otabL*/2kT. The probabilities (p,) verify the boundary condition p-I = 0 and the normalization condition C::; p, = 1. The parameter of this system of difference-differential equations is the ratio between the creation rate of a kink pair and its "decay" (through annihilation or trapping) When 2Hk/kT >> 1, q tends to zero, i. e., there is practically no kink pair formation and the existing kinks can only migrate until they are annihilated by kinks of opposite sign or trapped at the pinning points of the dislocation segment. On the other hand, if q >> 1, annihilation and trapping are negligible and the main relaxation process is due to the formation of kink pairs. The relaxation of a dislocation segment with kinks of low mobility in the interval of temperatures where q 1 leads to a set of characteristic relaxation times which determination is detailed elsewhere [12] .
RELAXATION MECHANISMS IN THE STATIONARY STATE
Once the KPE has reached its stationary state, the dislocation will move by the migration of n, geometrical kinks and the stationary evolution of 2 < m > thermal kinks. On assuming that the geometrical kinks present in a dislocation segment do not affect the I<PE, i.e., there are no kink interactions, the area swept by the dislocation movement when an external stress a is applied can be evaluated as the area swept by geometrical kink migration (GI<M) along the dislocation segment plus the area swept during the KPE. Therefore, the anelastic behaviour results the addition of the response due to both processes: GKM and KPE.
On considering the position of the dislocation segment where pi(a, x) = ni/L* e-"*(")lkT is the equilibrium density of n* (positive or negative) kinks, the area swept by the dislocation between its initial and final position leads to the relaxation strength and the mean value of the ratio between the displacement of the dislocation and its velocity determines the relaxation time. Thus, it can be shown that GKM and KPE are characterized by the following relaxation times, 7, and relaxation strengths, A, [12] on assuming that a << ai. Since Do = vdb2, where vd denotes the Debye frequency, it is expected that the pre-exponential factor of the relaxation time associated to the GKM is several orders of magnitude larger than the inverse of the Debye frequency. Similar results were found by Wuthrich [9]. 4 
DISCUSSION
The value of H, , , is comparable or even larger than the thermal energy in semiconductors such as Ge or Si. Jendrich and Haasen have measured the internal friction (IF) on deformed Ge at frequencies from 0.2 to 20 Hz and at temperatures between 150 and 820 K and found two maxima a and 0. From the shifts of the peaks at different frequencies they determined that the relaxation frequencies of the a and , B processes follow an Arrhenius law with preexponential factors vo, = (0.14 to 15)x109 s-I. and vop M 1013 S-l. Thus the first process can be associated to GKM and the second to KPE. Furthermore H, = H, = (1.108 f 0.01) eV and Hp = (2.07 f 0.2) = H, + 2Hk -2kT eV leading to Hk = (.566 f .025) eV. Furthermore the relaxation strength of the GKM peak is approximately lo-', leading to a mean dislocation length of lo-' m and beween 5 and 10 geometrical kinks per dislocation segment. It is noticed that at the measured interval of temperatures it is q < 1 and the distribution function of relaxation times due to the transient KPE reduces to a single process [ll] which IF might be appreciated if w R lo4 s-l, that is at higher frequencies than those used in [13] .
Dynamic relaxation in Nb at very low temperatures (< 10 K) is a second example of relaxation processes due to the migration of geometrical kinks with low mobility since both thermal energy and the enthalpy for migration of kinks are comparable. The IF peaks in Nb between 1.5 and 10K at 85 and 240 kHz were first observed and related to dislocation motions in 1967 by Kramer and Bauer in the superconducting, mixed and normal states of this material [14] . Another connection with GKM was proposed by Duffy and Umstattd who considered the migration of residual geometrical kinks to be the mechanism responsible for the low temperature background in Nb at 1 kHz [15] . More recently Pal'-Val' et al. [16] reviewed the dynamical behaviour on acoustic relaxation in single crystal and polycrystalline samples of normal and superconducting Nb between 2 and 12 K (w -lo5 -108 s-') in order to determine the influence of the sample structural characteristics on the parameters of the IF peak at low temperatures. From their data and previous experimental work Pal'-Val' et al. proposed an Arrhenius type law between the frequency of the IF and the temperature of its maximumand associated this process to the migration of screw dislocation kinks in the < I l l > (011) slip system. They determined the following activation enthalpies for migration and pre-exponential factors: Hmn = 1.9 meV, van = 2.1.1010 s-', Hm, = 2.7 meV and v,, = l.l.lO'O s-I (n and s denote normal and superconducting states, respectively) and attributed the manifested differences to changes in the lattice parameters due to the Cooper condensation of electrons and to modifications of the electron shielding of the ion core in dislocation nuclei. However, below the critical temperature T, modifications in the elastic constants and changes in the lattice parameters of the material between the normal and superconducting states are of the order of and respectively. Hence, their contributions to changes in the relaxation times are expected to be negligible and our assumptions are more oriented to make an analogy between the kink movements and low-temperature quantum diffussion of light particles. This mechanism has been already mentioned by Takeuchi et al., who discussed a discrepancy of the Arrhenius rate equation in bcc metals at low temperatures in terms of the quantum tunnelling of a dislocation through a potential barrier 1171. Theoretical equations which describe tunnelling of light particles [18] , tends in the limit of high temperatures to the classical transition-state-theory; particularly, the relaxation frequency follows an Arrhenius law at higl) temperatures. At extremely low temperatures, however, the tunnelling of light particles is characterized by a relaxation frequency which is independent of temperature and increases as the damping involved in the evolution of the system increases, for instance, as the sample goes from the superconducting to the normal state. This dependence of the relaxation frequency on temperature cannot be compared accurately with the actual data and new IF measurements both in the normal and superconducting states of Nb at other frequencies and even at lower temperatures would help to clarify the quatitative analysis of geometrical kinks tunelling.
